A novel nonlinear teleoperation algorithm for simultaneous inertial parameters and force estimation at the master and slave sides of the teleoperation system is proposed. The scheme, called Extended Active Observer (EAOB), is an extension of the existing active observer. It provides effective force tracking at the master side with accurate position tracking at the slave side in the presence of inertial parameter variation and measurement noise. The proposed method only requires the measurement of robot position, and as a result significantly reduces the difficulty and cost of implementing bilateral teleoperation systems. The approach is described and its stability is analytically verified. The performance of the method is validated through computer simulation and compared with the Nicosia observer-based controller. According to the results, EAOB outperforms the Nicosia observer method and effectively rejects noise. Abstract: A novel nonlinear teleoperation algorithm for simultaneous inertial parameters and force estimation at both master and slave sides of the teleoperation system is proposed. The scheme, called Extended Active Observer (EAOB), is an extension of the existing active observer. It provides effective force tracking at the master side with accurate position tracking at the slave side in the presence of inertial parameter variation and measurement noise. The proposed method only requires the measurement of robot position and as a result significantly reduces the difficulty and cost of implementing bilateral teleoperation systems. The approach is described and its stability is analytically verified. The performance of the method is validated through computer simulation and compared with Nicosia observer based controller. According to the results, EAOB outperforms Nicosia-observer method and effectively rejects noise.
Introduction
In general, a classical bilateral teleoperation system consists of five interconnected elements: a human operator that issues commands through a haptic interface or master device controlling a remotely located teleoperator interacting with its surrounding environment via communication channels connecting the master device and local teleoperator. Since different types of command and feedback signals can be exchanged between the master and slave manipulators, a number of bilateral teleoperation architectures may emerge: position-position, position-force, force-position, and force-force architectures. Among these four teleoperation architectures, two common bilateral teleoperation approaches are position-position and position-force architectures1. 1 In the position-position architecture, the master position is passed to the slave side, and the slave position is fed back to the master side. This approach does not measure the force and merely attempts to minimize the difference between the master and slave position, and feed a force proportional to the difference back to the user once the slave makes contact with an object. This kind of approach could not achieve ideal force tracking. This approach suffers from a distorted perception in free-motion condition and cannot produce ideal force tracking. Hence, the absence of a slave-side force sensor, results in control inaccuracies produced by nonzero position errors, leading to proportional force feedback to the user even when the slave is not in contact with the environment.
On the contrary, the position-force architecture requires a force sensor to measure the interactions between the slave and the environment, and directly transmitting the force signal to the master side for control. Compared to the position-position architecture, perfect force tracking can be attained in this approach. Furthermore, the distorted perception in free-motion condition is largely decreased by using position-force architecture. 2 The increased performance, from a transparency point of view, of the position-force architecture motivates research into teleoperation systems where force is measured. Force sensors, however, are not always possible in practice.
In some teleoperation applications such as minimal invasive surgery, it is difficult to attach force and torque sensors at the end of laparoscopic surgical devices. Furthermore, it is well-known that force and torque sensors amplify noise, which will result in noise control signals. As a result, using force and torque sensors is not realistic and desirable.
To overcome such challenges, force observers have been gradually deployed in teleoperation systems to estimate forces instead of using force sensors. Chen et al. 3 propose a nonlinear disturbance observer for force estimation based on the idea of modifying estimation by the difference between the estimated output and the actual output. Daly et al. 4 apply sliding mode observer to a teleoperation system to estimate the force rendered by the human operator and environment based on position. Ahn et al. 5 deploy Nicosia observer 6 to evaluate reaction forces produced through the interaction between human and environment in a teleoperation system.
However, the majority of the force observers reported in the literature can only effectively estimate the force rendered by the environment in the absence of disturbance and measurement noise. Practical robotic systems are subject to different types of disturbances, such as inertial parameter variations, frictions, and noises, that, when unaccounted for, can cause poor force estimation in the observers.
In this work, we address this gap in design of teleoperation systems and propose an Extended Active Observer (EAOB) that can simultaneously handle the problem of external force estimation and disturbance suppression. Furthermore, the performance of EAOB based control scheme is compared against Nicosia observer based control scheme for a typical 2 DOF nonlinear teleoperation system. The results show that the EAOB outperforms Nicosia observer for a time variant nonlinear teleoperation system, and demonstrates better noise rejection properties. Most noticeably, the proposed approach offers the following contributions compared to the previous work:
1) This work proposes an EAOB based teleoperation scheme, which can achieve both accurate force tracking at the master side and position tracking at the slave side by using the estimated position, velocity, and force signals. This design significantly reduces the cost of the entire teleoperation system.
2) The proposed EAOB for force estimation can be applied to time variant dynamic systems. In EAOB,
we assume a time variant model for both the master and slave manipulators and update their model parameters in real time to ensure accurate operator/environment rendered force estimation. This makes the proposed observer more reliable and effective in real world applications compared to current force estimators that do not consider inertial robot parameter variations during the estimation process.
3) Given the imperfect measurement process in real world applications, the proposed EAOB also takes into account the effect of measurement noise on force estimation and system performance, and attains a better force estimation and accurate force and position tracking at the master and slave sides, respectively. This is a major characteristic of the EAOB compared to other force estimators that cannot function well in the presence of measurement noise.
4) The proposed EAOB deploys the theoretical concepts behind Kalman filter to optimally design the observer gain. This is also another advantage of our method compared to other force observers in which the adaptive gains are determined through trial and error.
The remaining part of the paper is organized as follows: The dynamic model of a teleoperation system will be studied in Section 2. This will be followed by presenting the proposed EAOB based position-force control architecture for the teleoperation system in Section 3. Application of EAOB to a 2 DOF nonlinear teleoperation system through computer simulation is presented in Section 4. Finally, a brief conclusion will be drawn in Section 5 and some future research directions will be outlined.
Dynamics of a teleoperation system
Generally, a teleoperation system can be viewed as a pair of robotic subsystems known as master and slave manipulators, modelled as a couple of n-Degrees of Freedom (DOF) serial links. Taking into account the torques exerted by the human operator and environment on the master and slave manipulators, the nonlinear dynamical model of a teleoperation system in the joint space can be formulated as
, , ,
where * , * , * ( * = m or s) are angular acceleration, angular velocity and angular position signals, * * , * is the inertia matrix, * * , * , * is the vector of Coriolis and centripetal terms, * * , * is the gravity torque, * are input torques of the controllers, * represent inertial robotic parameters, and , correspond to the torques exerted by the human operator and environment, respectively.
Given that the control design is preferred using the acceleration, velocity, position, and force signals in the robot task space, the dynamic model in (1) will be further explored. The relationship between the end effector coordinates and joint angles can be expressed through forward kinematics. Meanwhile, the reaction torques , and from the operator and environment are also related to the reaction force , at the end effector through the master and slave manipulator Jacobian, respectively. That is, ,
,
where * * , * / is the manipulator Jacobian matrix.
Thus, the dynamics of the system (1) can be expressed in term of acceleration in state space form as
, , , , .
With the Computed Torque Method (CTM), the master and slave controllers are designed as , ,
The performance of the controller * * / depends highly on the accuracy of position and velocity * , * , inertial robot manipulator parameter * , and external force , . Due to measurement noise, feeding back of position * , velocity * , and external forces , , to the master or slave controllers will result in noisy control signals that in turn will destabilize the system. As a consequence, developing observers to estimate these signals is an effective way to avoid these challenges. Due to inevitable parameter variation of the system, an update law is also required to estimate inertial robot manipulator parameters * . An extended Kalman filter in 7 is deployed to update these parameters in real time.
EAOB-based control of teleoperation systems
In this Section, the position-force teleoperation architecture for a nonlinear teleoperation system is presented first. Then, the EAOB proposed to estimate the external forces on the master and slave sides is introduced, and incorporated into the position-force architecture of a nonlinear teleoperation system. Finally, control laws for the master and slave sides are developed, and stability of the entire teleoperation system is analyzed.
The position-force teleoperation architecture
Force feedback is a key element in bilateral teleoperation. It is what allows the operator to have a sense of presence at the remote environment. The force feedback assists operator to manipulate the remote environment more effectively. For example, in remote surgery, a surgeon can apply excessive force with the surgical tools and potentially injure a patient 8 . Force feedback traditionally requires force sensors that in turn can add to the cost and complexity of the process by introducing measurement noise 9 . Meanwhile, inertial robot parameter variations in the teleoperation system often cause the obtained forces inaccurate. In order to overcome such challenges, a novel position-force architecture based control approach, achieved by using the estimated signals in communication channels and controller design, is proposed in this work, as illustrated in Fig. 1 .
In this architecture, the inputs of the master and slave controllers and all the transmitted signals between the master and slave manipulators are obtained by observers. The proposed architecture deploys a force controller at the master side, responsible for transmitting the reflected slave forces to the master manipulator. The master states (position, velocity, and acceleration) are transmitted to the slave side for tracking of the master trajectory by the slave. The environmental force acting on the slave is transmitted back to the master side. In this scenario, the slave manipulator is operated to track the trajectory of the master manipulator, while at the master side, the control objective is to apply the reflected force and make the environment force follow the desired operator force. When these goals are accomplished, in the ideal case with no time delays, the master operator would experience the same interaction with the environment as the slave manipulator 10 . Fig. 1 . Block diagram of the entire teleoperation system
Proposed EAOB
In this Section, the proposed Extended Active Observer for simultaneous system state, parameter and force estimation is presented. Then, the stability of the EAOB is analyzed.
The EAOB
An Active Observer (AOB) 11, 12 is a variation of a Kalman filter (KF), one of the first estimators to include disturbance in the optimization process. The AOB concept relies on adopting an extra relationship (auxiliary input) to estimate an equivalent disturbance referred to as the system input. The active state describing the equivalent disturbance is defined by
where the Sth-order derivative of is randomly distributed. is a Gaussian variable with zero mean.
Considering the continuous time of (5), when S=1, we have , then the continuous time of (5) can be written as
likewise, we can deduce,
Where is the sampling period.
As indicated in ref. [11, 12] , can be used to estimate the disturbance in a dynamic system, as well as where * is the output of the system, * is a unit matrix, and the state observation matrix * 0 0 0 , and * , * and * represent the process noises and measurement noises, respectively, / and * represent the rates at which the vectors of external forces and inertial robot parameters are estimated to vary.
Therefore, the extended active observer (EAOB) for inertial parameter estimation and external force estimation for a nonlinear robotic system (either the master or the slave manipulator), modeled in (7), is proposed as follows (Take S=1 for example) where * * * * * * * * * * * * * * * , 
where * * * * Since AOB extends the Kalman filter (KF) by adding another estimated variable along with the system states to estimate the disturbance, it can be viewed as an Extended Kalman Filter (EKF). Similarly, the proposed EAOB extends the AOB by further employing another variable to estimate robot inertial parameters, so the EAOB can be also seen as another EKF.
In ref. [7, 13] , an EKF is designed for nonlinear robot systems. Robot inertial parameters are added into the estimated variables of the EKF, and a solid stability analysis for the EKF is provided. The EAOB proposed in this work can be regarded as an extension of the EKF, and the stability analysis of EAOB for nonlinear robot manipulators can be carried out based on Theorem 1, which is an extension of the results produced in ref. [13] .
Theorem 1
The filter described by equations (8)- (9) for the system modeled by (7) Proof can be found in ref. [14] .
According to Theorem 2, the nonlinear robot dynamics in (7) should be first linearized. By using a first order
Taylor series expansion and ignoring higher order terms, the nonlinear system can be linearized as follows:
where * is described in (9) . Then, the stability of the EAOB can be achieved through the following four steps. 1) shows that under the conditions 2 and 3 of Theorem 1 the system described in (10) is totally observable, 2) shows that under the condition 1 of Theorem 1 the system described in (10) is totally controllable. Then, 3) states the results of Theorem 2, and 4) shows local stability even if the linearization is not exact.
Proof: See ref. [13] . The different part between stability analysis in this paper and that in ref. [13] is to replace " * , * , * 0 0 * 0 0 " with " * * , / * , * " in the paper, which does not affect stability analysis.
The teleoperation control laws
Using inverse dynamics 15 , the driving torque for the master manipulator based on estimated signals is proposed
where is the control law, and is estimated operator force.
Similarly, the driving torque for the slave manipulator is designed as
where is the control law, and is estimated environment force.
There are different options available for the control law * * / at the master and slave sides.
Force controller at the master side
In this work, the master robot manipulator of the teleoperation system is controlled to track a given operator'
force , assigned in the joint space. Thus, in order to eliminate the force error at steady state, an integral action on the force error is introduced. Furthermore, an inner loop on the end-effector position is added. Hence, the new control input in (11) is chosen as ,
where ,
where , , , and are force controller gain matrices.
Position controller at the slave side
The slave robot manipulator of the teleoperation system is controlled to track the trajectory of the master robot manipulator , and a position control scheme of PD type is chosen as the control method. Thus, the new
where is estimated acceleration of the master manipulator, * and * ( * / ) are estimated velocity and position signals of the master/slave manipulator, and and are position controller gain matrices.
Stability analysis of the teleoperation system
A teleoperation system consists of five interconnected parts: operator, master device, communication channel, slave robot, and environment. Since the operator and environment are commonly assumed to be passive, they are stable. Furthermore, the communication between the master and salve sides is assumed to be ideal in this work, so it is also stable. Therefore, we will show that under the proposed control laws and EAOB the master and slave sides are stable using Theorem 3 in order to ensure the stability of the entire teleoperation system.
Theorem 3
In the teleoperation system described by equations (7) with the control laws (11)- (14) and the EAOB (8)- (9) The master system is given by , ,
where , , and the master controller is given by , ,
Then, one can get , , ∈ ∩ . Therefore, ∈ ∩ , which implies that , , ∈ ∩ .
2) We now consider the slave side, and show that , ∈ ∩ .
The slave system is given by , ,
where , , and the slave controller is given by , ,
Then, on can get
which gives us , , , , and , , , , ∈ ∩ . Therefore, ∈ ∩ , which implies that , ∈ ∩ . Since ∈ ∩ , ∈ ∩ .
Simulation study
In this Section, computer simulations will be carried out to illustrate the effectiveness of the proposed control scheme. The performance of EAOB based control scheme is also compared against a typical Nisocia observer based scheme. Both the master and slave robots are considered to be planar two-link manipulators.
Dynamics of master and slave robot manipulators
In this work, the master and slave robot manipulators for the teleoperation system are both chosen as a typical 2 DOF nonlinear robotic manipulator. The dynamic model of a 2 DOF nonlinear teleoperation system in the joint space is defined as , ,
where * * * * * * * , * * , * * 2 * 2 * cos * * * cos * * * cos * * , * * , * , * 2 * * sin * * * sin * * * sin * 0 , * * * sin * * sin * * * sin * * * cos * * cos * * * cos * * , * / , * * are the lengths of the first and the second links, * 1 and * 2 are the masses of the first and the second links, and we assume the robots operate in a horizontal plane, and as such * * , * is zero.
Meanwhile, the forward kinematics connecting the end effector coordinates with joint angles can be expressed as * * * * 1 cos * 1 * 2 cos * 1 * 2 * 1 sin * 1 * 2 sin * 1 * 2 ,
where ( * , * ) is the position of the end effector in robot task space. We define system state vector X as * * * * * 
The observers
In this section, EAOB and Nisocia observer for a 2 DOF nonlinear teleoperation system are presented.
EAOB
According to Section 3.2, by defining * * * * * / / * * , the EAOB (S=1) is given by * * * * * * * * ,
where * and * are variance matrices of the process noise * and the measurement noise * , respectively, and * represents the estimate of the variance of error of the system states' estimate, and * * * 
where * * * * * * * * * * * ∓ * * / * , .
Thus, the estimated forces are written as
where * and * are symmetric positive definite matrices.
Simulation
In this Section, the performance of EAOB and Nicosia observer based control schemes in teleoperation systems are studies and compared through computer simulation.
Initial conditions
In order to compare EAOB and Nicosia observer algorithms, their parameters including controller feedback gains, desired operator rendered force, the environment rendered force, and pre-filter for desired operator force are kept the same. According to guidelines well justified theoretically in Section 3 for implementation of the proposed teleoperation scheme, the choice of design parameters is made as follows.
The operator rendered forces , in and directions are, respectively assumed to be a step signal with a peak value of 2 N, which is pre-filtered with a critically damped second order linear filter with a bandwidth of 2 rad/s and a transfer function of , while the environment rendered forces in and directions are, respectively assumed to be The specific initial conditions for EAOB based control scheme are chosen as follows:
The initial conditions for EAOB at the master and slave sides when there is no disturbance in the entire teleoperation system are In all situations, the specific observer gains for Nicosia observer based control scheme are chosen as follows: 
Simulation results
The results for EAOB based control scheme under different noise conditions and parameter variations are illustrated in Fig. 2-9 , whereas for Nicosia observer based control scheme under the same conditions are shown in Fig. 10-17 . Fig.2 . The master side performance of EAOB based approach without measurement noise and parameter variation. provide the trajectories of the error between actual position of the master and slave robot manipulators in direction, the error between actual and estimated environment force in direction, and parameter-2 of the slave robot manipulator.
In Fig.2 and Fig. 3 , the simulation results are obtained in the absence of both robot parameter variations and measurement noises at both the master and slave sides of the teleoperation system. As observed in Fig.2 , on the master end, the desired operator forces rendered in and directions are accurately tracked by the environment forces rendered in and directions, and the operator force estimations are also accurate.
The trajectories of master robot parameter-1 and parameter-2 adaptation almost remain at 1.0 and 2.0, respectively. Similarly, on the slave end, as depicted in Fig. 3 , positions of the master robot manipulator in and directions are accurately tracked by the positions of the slave robot manipulator in and directions respectively, and the environment force estimations are also accurate. The trajectories of slave robot parameter-1 and parameter-2 adaptation almost remain at 1.0 and 2.0, respectively as there is no parameter variation in the system. Fig. 4 and Fig. 5 depict the performance of the EAOB based approach only with parameter variation: 20% of the actual parameters at both the master and slave sides of the teleoperation system. In this situation, at the master side, as depicted in Fig. 4 , the trajectories of force tracking in and directions are still accurate, the operator force estimation is still good, and the trajectories of master robot parameter-1 and parameter-2 converge from (1.2, 2.4) to (1.0, 2.0), respectively. Meanwhile, In Fig. 5 , the trajectories of position tracking in and directions at the slave side are also accurate, the environment force estimation is still satisfactory, and the trajectories of slave robot parameter-1 and parameter-2 converge from (1.2, 2.4) to (1.0, 2.0), respectively. Fig. 6 and Fig. 7 provide the performance of the EAOB based approach when only measurement noises are considered in the teleoperation system. As shown in Fig. 6 and Fig. 7 , it is easy to observe that when Gaussian noise (N ~ (0, 1.0e-5)) are added at both the master and slave sides, the trajectories of force tracking in and directions at the master side and position tracking in and directions at the slave side are still good, while the accuracy of the operator and environment force estimations is still acceptable. The trajectories of the master and slave robot parameter-1 and parameter-2 adaptation almost remain at 1.0 and 2.0, respectively.
In Fig. 8 and Fig. 9 , the performance of the EAOB based approach with measurement noise: N ~ (0, 1.0e-5) and parameter variation: 20% of the actual parameters at both the master and slave sides of the teleoperation system is examined. From Fig. 8 , it is easy to see that the trajectories of force tracking in and directions on the master end remain accurate, and the operator force estimation still remains satisfactory. Furthermore, the trajectories of master robot parameter-1 and parameter-2 adaptation converge from (1.2, 2.4) to (1.0, 2.0), respectively. Meanwhile, In Fig. 9 , the trajectories of position tracking in and directions on the slave end remain accurate, the environment force estimation still maintains satisfactory, and the trajectories of slave robot parameter-1 and parameter-2 adaptation converge from (1.2, 2.4) to (1.0, 2.0), respectively. In Fig.10 and Fig. 11 , simulation results are obtained in the absence of both robot parameter variations and measurement noises at both the master and slave sides of the teleoperation system. As observed in In Fig. 16 and Fig. 17 , the performance of the EAOB based approach with measurement noise: N ~ (0, 1.0e-5) and parameter variation: 20% of the actual parameters at both the master and slave sides of the teleoperation system is examined. From Fig. 16 , it is easy to see that the trajectories of force tracking in and directions on the master end remain poor, and the operator force estimation is still very poor. 
Comparison and analysis
The diagrams illustrated in Fig. 2, 3 and Fig. 10 , 11, clearly demonstrate that both EAOB and Nisocia observer based approach can effectively perform during force and position tracking as well as operator and environment force estimation when there are no parameter variation and measurement noise in the entire teleoperation system.
However, as depicted in Fig. 4 , 5 and Fig. 12, 13 , when parameter variations of 20% of the actual robot parameters are added to the initial estimated robot parameters at both the master and slave side of the teleoperation system, the performance of the EAOB based approach is nearly maintained. This is possible as the parameters of the robot are adapted in EAOB as seen in Fig. 4 , 5. In contrast, the Nisocia observer based approach begins to lose its accurate performances on operator and environment force estimation. These results
show that the EAOB based approach could achieve accurate force and position tracking as well as good force estimation in the presence of robot parameter variations, while the performance of Nisocia observer based approach becomes poor and poor as the parameter variation increases.
On the other hand, when measurement noise is considered in the teleoperation system, the EAOB based approach performs better compared to the Nisocia observer based approach in terms of force tracking, and especially force estimation at both the master and slave sides of the teleoperation, as seen in Fig. 6, 7 and Fig. 14,   15 . When the Gaussian noise (N ~ (0, 1.0e-5)) is added into both the master and slave sides of the system, the EAOB based approach can still obtain accurate force and position tracking and approximate force estimation, while the Nisocia Observer based approach can only attain approximate position tracking, but force tracking at master side and force estimation at both sides cannot be provided any more. These results indicate that the EAOB based approach can yield good performance for force and position tracking as well as force estimation in the presence of measurement noise, while the Nisocia observer based approach does not perform well in any respect, especially in terms of force tracking and force estimation.
Finally, the simulation results for the EAOB and Nisocia observer based approach with both measurement noise:
N ~ (0, 1.0e-5) and parameter variation: 20% of actual parameters at the master and slave sides are depicted in Fig. 8, 9 and Fig. 16 , 17. It is easy to see that the EAOB based approach still functions well in terms of force and position tracking, force estimation, and parameter adaptation, while the Nisocia observer based approach not only provides approximate position tracking, but also loses its performance on force tracking and estimation.
These results imply the robustness of the EAOB based approach.
In summary, the analysis of simulation results presented in this Section well illustrate that the proposed EAOB based position-force control architecture for a teleoperation system can achieve accurate force and position tracking at the master and slave side respectively, as well as simultaneous operator and environment force estimation and parameter adaptation for nonlinear master and slave systems in the presence of robot parameter variations and measurement noises. The success of EAOB-based method is attributed to the following factors.
Firstly, as non-adaptive robot dynamic models use a fixed set of parameters that are no longer valid when the operating conditions change, the EAOB-based method has tunable inertial parameters that need to be adjusted in real time for optimal performance. It is relatively easy to select optimal values for entries in the process noise covariance matrix corresponding to the estimated states, and there are no significant performance losses for reasonable perturbations in tuned parameters. On the contrary, the Nicosia observer-based method does not update the inertial parameters in real time, and hence loses its ability estimating force. Meanwhile, since the EAOB deploys the theoretical concepts behind Kalman filter, it possesses good measurement and process noise rejection ability, which also makes the EAOB superior to the compared Nicosia observer.
Conclusion
This paper presents a novel Extended Active Observer (EAOB) based position-force control algorithm for a nonlinear bilateral teleoperation system that provides the benefits of a position-force architecture in terms of accurate force tracking. However, similar to a position-position architecture it does not require the use of force sensors. The results obtained show the ability of the Extended Active Observer (EAOB) based approach to simultaneously estimate position, velocity, inertial parameter and force based on measured position in the presence of measurement noise and parameter variation at both the master and slave sides of the teleoperation system. Through comparison of EAOB against a typical Nicosia observer applied to a typical 2 DOF nonlinear teleoperator, two major advantages of the proposed method were demonstrated.
Firstly, in EAOB, variation of the model parameters is compensated for in real time, ensuring accurate force estimation. In contrast, the Nisocia observer (or other force observers) was not able to accommodate robot parameter variations and did not produce accurate force estimation. This makes the proposed observer more reliable and effective in real world applications compared to others. Secondly, the proposed EAOB based approach also considers the effect of the measurement noise on system performance, and can effectively estimate force and track position in spite of measurement noise. On the contrary, the Nisocia observer (or other force observers) based approach proved to be incapable to function well in the presence of measurement noise.
While the performance of the EAOB based scheme has been explored through computer simulation, the experimental verification of the proposed approach is also outstanding. This will be the goal of the future work.
Meanwhile, the proposed scheme mainly considers the inertial parameter variations and environment noise at both the master and slave side of the teleoperation system when estimating the external operator or environment force. In reality, however, a teleoperation system also suffers from communication delay between the master and the slave side 16 , which could result in poor force estimation, and even instability of the entire teleoperation system. Thus, a further development of the scheme for the teleoperation system is to study how EAOB can deal with communication delay issue.
